Myofibroblasts of wound granulation tissue, in contrast to dermal fibroblasts, join stress fibers at sites of cadherin-type intercellular adherens junctions (AJs). However, the function of myofibroblast AJs, their molecular composition and the mechanisms of their formation is largely unknown. We demonstrate that fibroblasts change cadherin expression from Ncadherin in early wounds to OB-cadherin in contractile wounds, populated with α-smooth 
Introduction
Fibroblast to myofibroblast modulation represents a crucial step in wound granulation tissue contraction and in the production of the connective tissue deformations typical of fibrocontractive diseases (Serini and Gabbiani, 1999; Tomasek et al., 2002) . Hallmarks of myofibroblast differentiation are the development of stress fibers (Gabbiani et al., 1971 ) and the de novo expression of α-smooth muscle actin (α-SMA) (Skalli et al., 1986; Darby et al., 1990) . Incorporation of α-SMA into stress fibers confers to myofibroblasts a high contractile activity (Hinz et al., 2001a) , leading to the formation of specialized contacts with the extracellular matrix (ECM) (Hinz et al., 2003) that are called supermature focal adhesions (FAs) in vitro (Dugina et al., 2001 ) and fibronexus in vivo (Singer et al., 1984) . The high contractile activity of α-SMA is inhibited by cytoplasmic delivery of the α-SMA-specific N-terminal sequence AcEEED (Chaponnier et al., 1995) as a membrane-penetrating fusion peptide (SMA-FP) that also blocks the formation of supermature FAs (Hinz et al., 2003) . At the interface between proteins of the ECM and intracellular stress fibers, supermature FAs contribute to the transmission of force and to the sensing of local tension, thus providing indirect cell-cell communication through fields of stress in the surrounding matrix (for a review see Hinz and Gabbiani, 2003b) .
Stress fibers of contacting myofibroblasts are also directly connected at sites of cadherin-type cell-cell adherens junctions (AJs) that have been described ultrastructurally as dense plaques underlying the plasma membrane of fibroblasts in wound granulation and in fibrotic tissue; AJs are absent in normal tissue fibroblasts that do not develop stress fibers (Gabbiani and Rungger-Brandle, 1981; Welch et al., 1990) . On the cytoplasmic side of AJs, actin filaments bind directly to α-catenin as part of a complex consisting the cytosolic proteins β-catenin, γ-catenin (plakoglobin), p120CTN and the cytoplasmic domain of transmembrane cadherins (for reviews see Nagafuchi, 2001; Wheelock and Johnson, 2003) . The extracellular domains of two cadherins trans-interact with each other in a Ca 2+ -dependent and generally homophilic fashion (for reviews see Gumbiner, 2000; Angst et al., 2001) , although heterophilic interactions seem to occur frequently (Shimoyama et al., 2000) and have been described e.g. between cultured fibroblasts and epithelial cells (Volk et al., 1987; Omelchenko et al., 2001) .
Like myofibroblasts in vivo, fibroblasts cultured on rigid planar substrates form stress fibers and develop AJs, which are generally thought to be transient and to mediate contactinhibition of movement and of cell division. N-cadherin (cad-2) appears to be the most commonly expressed cadherin in fibroblasts (Hatta and Takeichi, 1986; Geiger et al., 1990) , which however were shown to express a variety of cadherins, including OB-(cad-11) (Hoffmann and Balling, 1995; Orlandini and Oliviero, 2001 ), R-(cad-4) (Shin et al., 2000) , P-cadherin (cad-3) (Yonemura et al., 1995) and Fat (Matsuyoshi and Imamura, 1997 ) (for a review see Hinz and Gabbiani, 2003a) . So far, no studies have been performed to systematically correlate the pattern of cadherin expression with specific fibroblast functions; in particular little is known about the molecular nature, the mechanisms of formation and the function of myofibroblast AJs in vivo and in vitro. Differentiated myofibroblasts share a number of similarities with smooth muscle cells (SMC) (Tomasek et al., 2002) , potentially including the expression of SMC-characteristic cadherins, such as R- (Rosenberg et al., 1997) , T-cadherin (cad-13) (Ivanov et al., 2001 ) and cadherin 6B (Chimori et al., 2000) (for a review see Moiseeva, 2001 ). Acquisition of a specific cadherin pattern in myofibroblasts may be induced by transforming growth factor (TGFβ), the major promoter of myofibroblast differentiation (Desmouliere et al., 1993; Ronnov-Jessen and Petersen, 1993) , which induces the expression of a variety of proteins during fibroblast-myofibroblast transition (Malmstrom et al., 2004) . A similar TGFβ-induced switch occurs during epithelial-to-mesenchymal transition (EMT) from E-cadherin-expressing epithelial cells to N-cadherin-expressing fibroblastic cells (Miettinen et al., 1994; Bhowmick et al., 2001 ).
Here, we have shown that during wound healing in vivo and after TGFβ induction in vitro, myofibroblast differentiation is accompanied by an increase of OB-cadherin expression and a decrease of N-cadherin expression. Myofibroblast AJs are reinforced by the high contractile activity mediated by incorporation of α-SMA into stress fibers and, in turn, provide high mechanical resistance to extracellularly applied forces. Such stabilized contacts appear to improve force development of myofibroblast populations in three-dimensional collagen gels. It is conceivable that AJs couple the stress fibers of adjacent myofibroblasts in order to coordinate their contractile activity during connective tissue remodeling. In addition, a specific cadherin expression pattern may serve as a marker and/or modulator of the differentiation state of fibroblasts and AJs represent a potential therapeutic target for the treatment of fibrocontractive diseases.
Materials and methods

Cell Culture and Drugs
Primary fibroblasts explanted from rat lung (LF) and subcutaneous tissue (SCF), lineage rat embryonic fibroblasts ) and primary rat vascular SMC (Bochaton-Piallat et al., 1996) were obtained and cultured as described previously (Hinz et al., 2003) . Fibroblasts were generally grown for 5d in control conditions, in the presence of TGFβ1 (5 ng/ml, R&D Systems, Inc., Minneapolis, MN) to induce myofibroblast differentiation or of the TGFβ-antagonizing recombinant soluble Fc:TGFβ receptor type II (TGFβ-sRII, 1 µg/ml, gift of Biogen Inc., Cambridge, MA). Fusion peptides (FP), consisting of a cell-penetrating vector (Derossi et al., 1994) and the α-SMA N-terminal sequence AcEEED (SMA-FP) (Chaponnier et al., 1995) or the α-skeletal actin N-terminus AcDEDE (SKA-FP), respectively were produced as described previously and used at 5 µg/ml. Cell contraction was modulated by Y27632 (10 µM, Yoshitomi Pharmaceutical Industries, Osaka, Japan), fasudil (10 µM, HA1077, Calbiochem, San Diego, CA), BDM (10 µM), ML-7 (30 µM), lysophosphatic acid (LPA, 10 µM) and staurosporin (50 nM) (all Sigma, Buchs, CH); cytochalasin D (Sigma) was used at 1 µM. Cadherin binding was inhibited generally by chelating Ca 2+ with 2 mM EGTA and specifically with function-blocking peptides anti-N-cadherin (ADH126), anti-OB-cadherin (ADH113) and compared with respective control peptides (ADH135, ADH114) (Cadherin Biomedical Inc., Ottawa, CAN) at 1 mg/ml.
Animal Experiments
A total of 15 female Wistar rats (200-220 g) was used; after shaving the skin, full thickness 25 x 25 mm wounds, including the cutaneous muscle, were made using surgical scissors in the middle of the dorsum on the first day of the experiments and were allowed to heal spontaneously. Rats were sacrificed by CO 2 anesthesia and granulation tissue was harvested every third day 3-12d post-wounding as previously described (Hinz et al., 2001b) .
EGFP constructs and time-lapse video microscopy
SCF and REF-52 were transfected with EGFP-α-catenin (a kind gift of Dr. Kaibuchi, Aichi, Japan) (Fukata et al., 2001 ) and N-cadherin-EGFP (a kind gift of Dr. Gauthier-Rouviere (Montpellier, France) (Mary et al., 2002), using Fugene 6 (Roche, Reinach, Switzerland) according to the manufacturer's protocol. Cells were cultured for minimum 4d in medium/10% FCS (±TGFβ) on glass observation chambers (Hinz et al., 2003) and were recorded live in serum-free F12 medium; serum depletion showed no effect on AJ dynamics 
Antibodies, immunofluorescence and confocal microscopy
Cryostat sections of 3 µm thickness were produced from frozen tissue (Hinz et al., 2001b) .
Cells were permeabilized for 5 min with 0.2% Triton X-100 (TX-100) in 3% paraformaldehyde (PFA) and fixed with 3% PFA/PBS for 10 min. We used primary antibodies according to Table 1 
Cell fractionation and Western blot analysis
Dissected tissues were snap-frozen in liquid nitrogen, crushed and dissolved in sample buffer, sonicated, boiled for 3 min and protein concentration was determined according to Bradford as described previously (Hinz et al., 2001b) . In order to assess association of proteins with the TX-100-insoluble cytoskeleton of cultured cells, cytosolic proteins were extracted for 2x5 min with ice-cold extraction buffer (0.5% TX-100, 60 mM Pipes, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , 1 mM Na-Orthovanadate, pH 6.9), supplemented with protease inhibitors (Complete-EDTA, Boehringer, Mannheim, Germany) as described before (Hinz et al., 2003) . Remaining TX-100-insoluble cytoskeletal proteins were scraped from the culture dish and suspended in the same volume of extraction buffer. Fractions and total cell lysates were run on 10% SDS-minigels (Bio-Rad Laboratories AG, Glattbrugg, CH), blotted and signal was generally used to normalize signals from other proteins, as described previously (Hinz et al., 2001b) .
Stressed collagen lattice contraction
SCF were grown at 1.75x10 5 cells/ml in attached collagen lattices (0.75 mg/ml rat tail collagen I, First Link, spec, UK) for 5d (±TGFβ); gels were then released and diameter reduction after 30 min was expressed as percent of contraction as described before (Hinz et al., 2001a) . Anti-cadherin peptides were added 3h prior to gel release.
Statistical analysis
Mean values are presented ± SD and tested by a two-tailed heteroscedastic Student's t-test.
Differences were considered to be statistically significant at p ≤ 0.05, indicated by an asterisk (*) and marked with a double-asterisk (**) for p ≤ 0.001.
Results
Expression of AJ proteins is up-regulated in fibroblasts during dermal wound healing
In order to evaluate the time course of AJ formation in fibroblasts and to characterize their molecular composition during the course of wound healing, we have analyzed AJ protein expression in 3-12d old granulation tissue of spontaneously healing full thickness rat wounds.
Fibroblasts in normal dermis exhibited no detectable levels of AJ proteins (not shown).
Correlating with the formation of microfilament bundles ~6d after wounding ( moreover, we detected high levels of T-cadherin (Fig. 1F ). K- (Table 1 , #5), R- (Table 1, #17) and M-cadherin (Table 1 , #7) (not shown) were expressed at detection level and were attributed to fibroblasts by co-immunostaining for vimentin; they did not change significantly during wound healing. VE-or E-cadherin were not expressed in fibroblasts but were expressed in endothelial and epidermal cells, respectively (not shown). Interestingly, the cadherin pattern changed with myofibroblast differentiation; in particular, N-cadherin reached an expression peak after 6d (Fig.1D, F) , whereas OB-cadherin was up-regulated only later ~ 9d post-wounding (Fig.1E, F) , resulting in a 3-fold increase of the OB-/N-cadherin ratio from ~0.6 after 6d to ~1.9 after 12d as quantified by densitometric analysis. In contrast to what was observed during granulation tissue development, the expression levels of α-and β-catenin were down-regulated during fibroblast-myofibroblast transition.
Systematic evaluation by Western blotting revealed the expression of a variety of cadherins in fibroblasts, of which OB-, T- (Fig.2 F) , K-, P-and R-cadherin (data not shown) were upregulated by TGFβ and were expressed in vascular SMC, whereas N-cadherin was downregulated and absent from SMC (Fig.2F) . AJs between α-SMA-negative primary fibroblasts exhibited predominant expression of N-cadherin (Fig.2C) , whereas AJs of α-SMA-positive myofibroblasts contained high levels of OB-cadherin either exclusively (Fig.2C, D) or in colocalization with N-cadherin (Fig.2C, D arrowheads) . K-, P-and R-cadherin appeared in low levels in AJs and were not differently distributed before and after TGFβ treatment; T-cadherin homogeneously localized to the cell membrane and never to AJs (not shown).
To evaluate the function of different cadherin expression patterns in fibroblast and myofibroblast cell-cell recognition, we mixed suspensions of α-SMA-positive (+TGFβ) and -negative (+TGFβ-sRII) SCF and evaluated the percentage of α-SMA expressing cells in the aggregates by immunostaining. Plating fibroblasts immediately after mixing demonstrated a good initial cell separation and equal numbers of α-SMA-positive and -negative cells (Fig.3A) . After incubation in rotating tubes, aggregates were formed in Ca 
Myofibroblast differentiation coincides with AJ stabilization and increased mechanical resistance
One possible function for myofibroblast AJs is the intercellular transmission of α-SMAmediated contractile force, which requires mechanically resistant contacts. Thus, we tested the stabilization of AJ proteins with stress fibers by blotting TX-100-insoluble cytoskeletal fractions (Fig.4A) . In all cell types tested, the fraction of TX-100-insoluble AJ proteins moderately (β-catenin, N-cadherin) or strongly (OB-cadherin) increased during fibroblast to myofibroblast transition. By normalizing to the decreasing total protein levels of β-catenin and N-cadherin (Fig.2E ) upon myofibroblast differentiation, a clear redistribution of AJ proteins to the cytoskeletal fraction was demonstrated (Fig.4B) , indicating a recruitment into F-actin-associated AJs.
We further evaluated the mechanical resistance of contacts formed between suspended and plated fibroblasts (F) and myofibroblasts (M) in a parallel-plate flow chamber. Within 10 min, suspended cells formed AJs with the dorsal membrane of spread cells (not shown) and started to organize these contacts within 30 min (Fig.5A) as schematized in Fig.5B . In homo-cellular pair combinations, increasing the shear force to 2.9 Nm -2 reduced the percentage of adherent fibroblasts to 51±6% (Fig.5C , F on F, ◊), compared with 74±3% of adherent myofibroblasts (Fig.5C , M on M, □). Myofibroblast AJs resisted even higher forces of 3.9 Nm -2 and cells ripped off at the plasma membrane in contrast to a separation at the cell-cell contact area as observed for fibroblasts (not shown). Interestingly, in hetero-cellular combinations at medium shear force (1.9 Nm -2 ), suspended fibroblasts showed stronger adhesion to spread myofibroblasts (Fig.5D , F on M, ○) compared with the inverse situation (Fig.5D , M on F, ∆).
Inhibition of α-SMA contractile activity by adding SMA-FP reduced fibroblast adhesion to spread myofibroblasts (F on M, Fig.5D, •) and of homo-cellular myofibroblast pairs (M on M, not shown) to the level of fibroblast-to-fibroblast adhesion; however SMA-FP was without effect on myofibroblast attachment to spread fibroblasts (Fig.5D , M on F, ▲) and on homocellular fibroblast pairs (not shown, F on F). These results indicate that organization of α-SMA into contractile bundles, which occurs in spread but not in suspended cells (Fig.5B) ,
plays an important role in reinforcing AJs.
To further investigate the role of α-SMA in AJ formation and reinforcement, we have transfected SCF and REF-52 with EGFP-tagged N-cadherin (Mary et al., 2002) and α-catenin (Fukata et al., 2001 ) and observed AJ dynamics by live-video microscopy. Both EGFP-tagged proteins localized to AJs that were large, stripe-like and persisted over several hours in TGFβ-induced myofibroblasts (Fig.6A, x-50'-0', Fig6video1 .mov). Treatment with SMA-FP visibly relaxed cells after ~15 min and AJs were reorganized within 30 min to a continuous line at the cell-cell junction (Fig.6A, 30' ) that gradually lost GFP fluorescence intensity (Fig.6A, 50') ; the control SKA-FP was always without effect (Fig.6B) . After 2h SMA-FP treatment, AJs were reduced to small point-like structures that lined up at the junctions of virtually all cells in the treated population (Fig.6C) ; this reduction in AJ size correlated with a decrease of AJ proteins in the TX-100-insoluble cytoskeletal fraction (Fig.6F ). The effect of SMA-FP on AJs was comparable to a general inhibition of cell contraction using Y27632 (Fig.6D,   Fig6video2 .mov), BDM, ML-7 and HA1077 (not shown); inducing contraction and stress fiber formation with LPA (Fig.6E, Fig6video3 .mov) and staurosporin (not shown) reinforced AJ compared with control (Fig.6B) . Hence, α-SMA appears to play an important role in stabilizing myofibroblast AJs by mechanically reinforcing cell-cell contacts.
OB-cadherin incorporation in AJs improves myofibroblast contractile activity
By connecting stress fibers intercellularly, AJs may improve the contractile activity of myofibroblasts in tissue. The classical way to inhibit AJ formation with EDTA was inappropriate to test the effect of AJs on cell contraction since Ca (Fig.7A, Fig7video4 .mov) without having a major effect on myofibroblast contacts (not shown). In contrast, anti-OB-cadherin predominantly effected AJs in myofibroblasts (Fig.7B, Fig7video5 .mov) but not in fibroblasts (not shown) as demonstrated for EGFP-α-catenin transfected SCF (± TGFβ); control peptides were always without effect (not shown). Cell contraction was assessed by growing SCF in three-dimensional attached collagen lattices for 5d (±TGFβ), where they formed AJs (Fig.7C ) and by measuring gel contraction after 3h of anti-cadherin treatment. Anti-OB-cadherin significantly inhibited contraction of myofibroblasts but not of fibroblasts compared with the respective controls (Fig.7D) ; anti-N-cadherin was without effect on the contraction of both cell types. To test whether the effect of anti-OB-cadherin on cell contraction is mediated by AJs, active and control anti-cadherin peptides were added to SCF that were sparsely grown on deformable silicone elastomers (Hinz et al., 2001a) ; none of the peptides changed substrate wrinkle formation (not shown).
Discussion
AJs have previously been described as electron-dense plaques that join microfilaments over the plasma membranes of contacting myofibroblasts in wound granulation tissue (Gabbiani and Rungger-Brandle, 1981; Welch et al., 1990) ; since these pioneer studies no attempts have been made to further characterize their molecular composition and function in myofibroblasts.
In contrast to cadherin-negative fibroblasts of normal dermis (Fig.8A) , granulation tissue fibroblasts express cadherins, of which OB-, N-and T-cadherin are present in considerable amounts. AJs are formed de novo ~3d post-wounding between granulation tissue protomyofibroblasts that are characterized by α-SMA-negative stress fibers (Tomasek et al., 2002) ;
proto-myofibroblasts predominantly express the classical (type I) cadherin N-cadherin (Fig.8B) . Expression of N-cadherin is frequently associated with increased cell migration (Hazan et al., 2000) and its expression in fibroblasts during the stroma reaction to epithelial tumors may be related to invasion of epithelial cancer cells; interestingly, the invading cells similarly express N-cadherin (De Wever and Mareel, 2003) . De novo expression of Ncadherin is characteristic of EMT, occurring during tumor progression and embryogenesis and is associated with cell scattering, increased cell invasiveness and lowered cell adhesion strength (Thiery, 2002) . After arterial injury, up-regulation of N-cadherin in neointimal SMC was shown to correlate with the development of a fibroblastic phenotype, characterized by the loss of α-SMA expression and increased cell migration (Jones et al., 2002) ; inhibition of N-cadherin with function-blocking antibodies decreased arterial wound repair (Jones et al., 2002) . It is tempting to speculate that in early granulation tissue N-cadherin promotes fibroblast invasion into the provisional fibrin clot matrix by inducing a migratory phenotype (Fig.8B ).
Differentiated wound myofibroblasts increasingly express OB-cadherin concurrently with upregulated α-SMA and OB-cadherin becomes the predominant cadherin in late granulation tissue (Fig.8C ). OB-cadherin is an atypical (type II) member of the cadherin family, considered to be characteristic of mesenchymal cells during embryonic development (Okazaki et al., 1994; Kimura et al., 1995; Simonneau et al., 1995) . Although OB-cadherin was originally described to be specific of osteoblasts (Okazaki et al., 1994) , it is also expressed in adult human lung, placenta, heart and kidney (Shibata et al., 1996) . Interestingly, a shift from N-to OB-cadherin expression similar to that observed in granulation tissue, has been described in stroma fibroblasts reacting against human prostate cancer progression (Tomita et al., 2000) and de novo expression of OB-cadherin was observed in fibroblasts surrounding gastric cancer cell nests (Shibata et al., 1996) . Although these reports did not evaluate the level of α-SMA expression, fibroblasts generally differentiate into myofibroblasts during the stroma reaction to epithelial tumors (Cintorino et al., 1991; Ronnov-Jessen et al., 1996) and it is conceivable that OB-cadherin expression is confined to α-SMA-positive myofibroblasts under these conditions.
The shift from N-to OB-cadherin during wound healing is recapitulated in vitro by inducing myofibroblast differentiation with TGFβ (Fig.8C) . In contrast to normal tissue fibroblasts, fibroblasts in culture form AJs and constitutively express N-cadherin (Geiger et al., 1990) ; this feature, typical of proto-myofibroblasts may be due to their mechanical activation on rigid culture substrates and stress fiber formation (Tomasek et al., 2002) . Here, we observed a decrease in N-cadherin expression during TGFβ-induced fibroblast-to-myofibroblast transition. This is in contrast to earlier studies that reported no differences in N-cadherin levels between colon fibroblasts and myofibroblasts (Van Hoorde et al., 1999) and even increased levels in corneal myofibroblasts when compared with their α-SMA-negative counterparts . In contrast to the rat fibroblasts used in our study, α-SMA-negative cultured human corneal fibroblasts appear not to form AJs and regulation of N-cadherin expression during corneal myofibroblast differentiation may be different from that of fibroblasts that already express considerable levels of N-cadherin in culture; interestingly, α-SMA-positive corneal myofibroblasts were also shown to express OB-cadherin (Masur et al., 1999) .
Besides being associated with the switch from migratory to stationary fibroblasts, the change from N-to OB-cadherin expression appears to mediate homotypic myofibroblast recognition.
In aggregation assays, α-SMA-positive and -negative myofibroblasts segregate and homotypic contact formation appears to be preferred in confluent culture. In addition to the specific cadherin type, cell segregation is mediated by different activation states or amounts of cadherins in the plasma membrane (Gumbiner, 2000; Niessen and Gumbiner, 2002) . Decrease of α-and β-catenin and N-cadherin expression during myofibroblast differentiation in our experiments suggests a decrease of the number of contacts. This may mediate the establishment of smaller myofibroblast aggregates compared with those formed by fibroblasts. The creation of small contractile units would theoretically contribute to a good balance of high net force and its transmission to the matrix. The role of OB-cadherincontaining AJs in increased force generation of myofibroblasts is supported by the fact that contraction of collagen gels was reduced by inhibiting OB-cadherin but not by inhibiting N-cadherin.
In addition to sustain total force development, AJs have been shown to potentially coordinate myofibroblast contractile activity and to propagate intracellular contraction signals by mechanical cell interaction. Pulling feromagnetic bead-loaded suspended fibroblasts that have formed AJs with plated fibroblasts by means of a magnet was shown to induce Ca 2+ transients in plated but not in suspended cells (Ko et al., 2001 ). This suggests the presence of mechanosensitive Ca
2+
-channels, whose activation requires extracellular stress and an organized actin cytoskeleton (Bershadsky et al., 2003) ; in individual migratory fibroblasts, mechanical stretching of the substrate has been shown to locally trigger Ca 2+ influx and to increase cell (con)tractile forces (Munevar et al., 2004) . We propose mechanical cell coupling by AJs as a mechanism to propagate Ca 2+ signals and myofibroblast contraction in a complex 3D
environment. This assumption is further supported by the electrochemical coupling of cultured (Spanakis et al., 1998; Ko et al., 2000) and tissue fibroblasts via gap junctions (Salomon et al., 1988) that are up-regulated during wound healing (Gabbiani et al., 1978) ; inhibition of gap junctions and electrochemical uncoupling has been shown to reduce the contraction of fibroblast-populated collagen gels (Ehrlich et al., 2000) .
In order to transmit the high contractile force exerted by α-SMA-positive stress fibers, AJs need to withstand considerable mechanical stress; indeed, AJs of cultured myofibroblasts are significantly larger compared with those of α-SMA-negative fibroblasts. Inducing actinmyosin based contractile activity with LPA and staurosporin reinforced AJs of fibroblasts and inhibition of contraction with a variety of drugs lead to AJ disassembly, similar to what was observed for contacting fibroblasts and epithelial cells (Gloushankova et al., 1998) .
Consequently, the activity of Rho, a central regulator of actomyosin contractile activity, was shown to reinforce AJs (Braga et al., 1997; Adams and Nelson, 1998; Braga, 2000) , and ROCK inhibition disassembled AJs in our experiments. The contraction of fibroblasts was demonstrated to trigger a viscoelastic response in AJ-coupled adjacent fibroblasts, which is due to reorganization of the actin cytoskeleton in the contact area (Ragsdale et al., 1997) . We here present evidence suggesting that α-SMA itself reinforces AJs by increasing intracellular tension: 1) during early spreading, when α-SMA is diffusely organized, the morphology of myofibroblast AJs is similar to that of α-SMA-negative fibroblasts; only later AJs are reinforced and elongate, analogous to the supermaturation of myofibroblast FAs (Hinz et al., 2003) .
2) The development of larger myofibroblast AJs correlates with higher intracellular forces developed by α-SMA in stress fibers, 3) the SMA-FP decreases AJ size and mechanical resistance and 4) matrix-anchored α-SMA fibers are more efficient to provide adhesion to suspended cells under hydrodynamic flow compared with α-SMA-negative filament bundles.
Finally, cadherin-mediated signaling in the highly cellular granulation tissue of late wounds may be important to regulate the gradual loss of myofibroblast function after wound closure.
Corneal myofibroblasts in dense culture significantly decrease the expression of α-SMA and de-differentiate into α-SMA-negative fibroblasts ; this has been attributed to contact-induced desensitization to TGFβ (Petridou et al., 2000) . Interestingly, long-term homophilic engagement of E-cadherin was shown to reduce Rho activity in cultured epithelial cells (Noren et al., 2001; Yap and Kovacs, 2003) , suggesting a role of cadherins in downregulating cell contractile activity; however, this apparent contradiction to the role of Rho in AJ-reinforcement remains to be solved. Signaling can be mediated by the same cadherins, implicated in mechanical coupling and/or by a specialized subset of cadherins, such as T-cadherin that is considerably expressed in cultured and granulation tissue fibroblasts.
T-cadherin is an unusual glycosylphosphatidylinositol (GPI)-anchored cadherin that promotes weak homophilic cell binding; however it does not localize to typical AJs when transfected into epithelial cells (Vestal and Ranscht, 1992) and the lack of a transmembrane and cytosolic domain contradicts a function in the formation of stable AJs. T-cadherin is abundant in the vascular system, in particular in arteries, exhibiting high expression in intimal SMC;
fibroblasts of the adventitia are always T-cadherin-negative (Ivanov et al., 2001) . T-cadherin gets up-regulated in medial and intimal SMC during neointima formation after experimental restenosis, suggesting a role in arterial repair (Kudrjashova et al., 2002) . (Salomon et al., 1988; Grinnell et al., 2003) . (B) Mechanical activation by growth on rigid culture surfaces or tissue matrix reorganization during wound healing leads to the formation of α-SMA-negative stress fibers, i.e. to the development of the proto-myofibroblast (Tomasek et al., 2002; Hinz and Gabbiani, 2003b 
Fig7video4.mov
Decrease of fibroblast AJ formation after specific inhibition of N-cadherin. Fluorescence images of EGFP-α-catenin transfected α-SMA-negative SCF (5d TGFβ-sRII) were recorded for 212 min at one frame/min (frame width: 80 µm) and presented in inverted grey values;
anti-N-cadherin was added after 105 min control recording. Note significant weakening of AJs after ~90 min anti-N-cadherin treatment.
Fig7video5.mov
Disassembly of myofibroblast AJs after specific inhibition of OB-cadherin. Fluorescence images of EGFP-α-catenin transfected α-SMA-positive SCF (5d TGFβ) were recorded for 141 min at one frame/min (frame width: 80 µm) and presented in inverted grey values;
anti-OB-cadherin was added after 38 min control recording. Note significant weakening of AJs and separation of adjacent cells after ~90 min anti-OB-cadherin treatment.
